Presence of robust circadian clock oscillation under constitutive over-expression of mCry1 in rat-1 fibroblasts  by Yamanaka, Iori et al.
FEBS Letters 581 (2007) 4098–4102Presence of robust circadian clock oscillation under constitutive
over-expression of mCry1 in rat-1 ﬁbroblasts
Iori Yamanakaa,1, Satoshi Koinumab, Yasufumi Shigeyoshib, Yasuo Uchiyamac,
Kazuhiro Yagitaa,c,*
a COE Unit of Circadian Systems, Department of Biological Sciences, Nagoya University Graduate School of Science, Furo-cho, Chikusa-ku,
Nagoya 464-8602, Japan
b Department of Anatomy and Neurobiology, Kinki University School of Medicine, 377-2 Ohno-Hagashi, Osaka-Sayama, Osaka 589-8511, Japan
c Department of Cell Biology and Neuroscience, Osaka University Graduate School of Medicine, Yamadaoka, Suita, Osaka 565-0871, Japan
Received 26 June 2007; revised 14 July 2007; accepted 19 July 2007
Available online 31 July 2007
Edited by Ivan SadowskiAbstract In mammals, mCRY proteins are essential and are
major negative elements in circadian feedback loops. In this
study, robust circadian clock oscillation was present even under
conditions with constitutive over-expression of mCry1 in rat-1
cells. Rat-1 cells were produced to stably express mPer2
promoter-driven luciferase reporter, in which mCry1 was overex-
pressed under a tetracycline-dependent gene expression (Tet-On)
system. Using these cells, we show that circadian clock oscilla-
tions in rat-1 ﬁbroblasts persist when the mCRY1 protein consti-
tutively accumulates in the nuclei.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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It is believed that circadian rhythms are driven by a circa-
dian core oscillator, consisting of transcriptional/translational
feedback loops involving a set of clock genes. Genetic studies
have shown that these results are compatible with this model
in various organisms [1,2]. In mammals, BMAL1 and CLOCK
basic helix–loop–helix (bHLH)-PAS transcription factors act
as positive elements to up-regulate negative components such
as mCry and mPer via an E-box enhancer. Then, mCRY
and mPER in turn suppresses transcription of their own genes
by inhibiting BMAL1/CLOCK activity [3–5]. In the mamma-
lian circadian feedback loops, mCRY proteins are essential
and are major elements of the negative feedback loop by exhib-
iting strong inhibitory eﬀects on BMAL1/CLOCK-mediated
transcriptional activity [6,7].*Corresponding author. Present address: Department of Cell Biology
and Neuroscience, Osaka University Graduate School of Medicine,
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doi:10.1016/j.febslet.2007.07.053Expression of mCry1 mRNA shows an apparent circadian
oscillation in the mouse suprachiasmatic nucleus (SCN), as
well as cultured peripheral cells, including the rat-1 ﬁbroblast
cell line. This circadian ﬂuctuation of mCry1 mRNA expres-
sion is controlled by circadian feedback loops via an E-box
enhancer element, present in the mCry1 promoter, as well as
that of other clock genes and clock-controlled output genes
[8]. Recently, we reported that the mCRY1 interacting domain
of BMAL1 is important for cyclic transcriptional regulation,
and this feature may explain why robust circadian oscillations
persist under constitutive over-expression of BMAL1 and
CLOCK in rat-1 cells [9]. These ﬁndings suggested that the
cyclic accumulation of mCRY1 should be important for main-
taining the circadian molecular oscillation.
In this study, we performed a perturbation study using rat-1
ﬁbroblast lines with conditional high-level constitutive overex-
pression of mCry1. In this study, the circadian clock oscillation
persisted in these cells with intact period-length even under
conditions of constitutive nuclear accumulation of mCRY1.2. Materials and methods
2.1. Plasmids construction
Reporter mPer2:luc plasmid was described pleviously [10]. HA-
mCry1 cDNA was cloned by PCR from HA-mCry1pcDNA3.1 [9] into
pCR8/GW/TOPO vector (Invitrogen). PCR primers are as follows;
HA-mCry1pcDNA3.1-F 5 0-AAA TTA ATA CGA CTC ACT ATA
GGG-3 0, HA-mCry1pcDNA3.1-R 5 0-TTA CTG CTC TGC CGC
TGG ACT TTG-3 0. After full length sequencing, HA-mCry1 insert
was cloned into pLenti4/TO/V5-DEST vector using a Gateway LR
reaction kit (Invitrogen) and this plasmid was named pLenti4/TO/
HA-mCry1.
2.2. Cell culture and cell line establishment
Rat-1 ﬁbroblast (HSRRB, Osaka, Japan) and NIH3T3 cells were
cultured in DMEM with 10% FBS and penicillin–streptomycin. When
cells were analyzed in a real time monitoring machine, the medium was
changed by HEPES-buﬀered phenol-red free DMEM 24 h after trans-
fection.
To establish doxycyclin-dependent HA-mCry1 expression cell lines,
we used the ViraPower Lentiviral vector system (Invitrogen). To gen-
erate the lentiviral vector, pLenti6/TR plasmid or pLenti4/TO/HA-
mCry1 plasmid were transfected with ViraPower packaged plasmids
mixed into the 293FT producer cell line using Lipofectamine 2000
(Invitrogen). Viral supernatant of each dish was harvested and added
to mPer2:luc stably transfected rat-1 cells [10]. After selection using
Blasticidin and Zeocin, several colonies were picked up. Cloned cells
were cultured with or without doxycyclin (Dox) for three days andblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Establishment of mPer2:luc stably transfected rat-1
ﬁbroblat cell line, in which doxycyclin treatment does not aﬀect the
circadian bioluminescence oscillation. Doxycycline treated condition
represents red dots and doxycycline untreated condition represents
blue dots, respectively. (B) HA-mCRY1 expressed from pLenti4/TO/
HA-mCry1 plasmid strongly suppressed mPer2 promoter activity. Co-
expression of mCLOCK and mBMAL1 up-regulated mPer2 promoter
driven luciferase activity nearly 8-fold from baseline. Additional
expression of HA-mCRY1 by HA-mCry1-pcDNA3.1 or pLenti4/TO/
HA-mCry1 strongly suppressed mPer2 promoter activity.
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activity of cell lines showing Dox-dependent HA-mCRY1 expression
was tested by luminometer.
2.3. Real-time circadian rhythm monitoring
The mechanics of the bioluminescence detection system used to ana-
lyze the circadian rhythm has been described in previous reports [9].
Rat-1 cells were cultured in 10% FBS and penicillin-streptomycin con-
taining medium. Cells were plated in 35 mm dishes (2 · 105 cells/dish)
with or without 2 lg/ml doxycycline. After three days of culture, the
medium was changed to luciferine (0.2 mM) and HEPES (15 mM) con-
taining DMEM without phenol-red. Doxycycline was added to the
Dox+ condition during the real-time rhythm monitoring. Cells were
synchronized by treatment with 100 nM dexamethasone and set on
the turn-table of a real-time monitoring machine fabricated in-house.
2.4. Immunoﬂuorescence
1 · 106 of TR/HA-mCry1 line-#14 cells were plated on a 10 cm dish
and cultured in DMEM/10% FBS with 2 lg/ml doxycycline. Cells were
plated on cover slips and cultured for three days in 10% FBS contain-
ing DMEM with 2 lg/ml doxycycline. After synchronization with
100 nM dexamethasone treatment, cells were ﬁxed with 4% parafor-
maldehyde at the time points of 12, 18, 24 and 30 h. HA-mCRY1 pro-
tein was detected using an anti-HA rat monoclonal antibody (Roche,
1:250) followed by an Alexa 488 labeled anti-rat IgG antibody (Molec-
ular Probe, 1:500). DAPI was used for staining the nuclei.
2.5. Promoter activity assay
Luciferase reporter gene assays were performed in NIH3T3 cells,
seeded on a 6-well plate at a density of 2 · 105 cells/well, and transfec-
ted the following day. Luciferase expression was detected using the
Dual Luciferase reporter assay system (Promega). Each transfection
contained 50 ng of mPer2 promoter-pGL3-basic (mPer2:luc) vector,
5 ng of pRL-tk and the indicated amount of eﬀecter constructs per
well. As eﬀecter plasmids, 400 ng of mClock-pcDNA3.1 and
mBmal1-pcDNA3.1 were used, and 200 ng of HA-mCry1-pcDNA3.1
or pLenti4/TO/HA-mCry1 plasmids were used for transfection. The
total amount of DNA per well was adjusted to 1 lg by adding
pcDNA3 vector as a carrier. Forty-eight hours after transfection, cells
were harvested to determine luciferase activity using a luminometer.
2.6. Northern blot analysis
Cultured cells were washed three times with ice-cold PBS and har-
vested in 1 ml of TRIzol reagent (Invitrogen). These samples were fro-
zen and stored at 70 C until the extraction of whole cell RNA. Ten
micrograms of total RNA was electrophoresed in a 1.2% agarose gel
containing 2% formaldehyde. RNA was transferred to a Byodyne
membrane (PALL BioSupport, New York) and hybridized with
probes. For Cry1, 355–1410 bp (GenBank Accession No.
NM007771) of mCry1 cDNA was used for the probe. Probes were
labeled with 32P deoxycytidine triphosphate using a TaKaRa random
primer labeling kit (TaKaRa, Tokyo, Japan). Hybridization was per-
formed at 42 C for 16 h, and membranes were washed twice in
0.2 · 1SSC/0.1% SDS at 60 C for 40 min. Membranes were exposed
to an imaging plate and analyzed by BAS 2500 (Fuji Film, Tokyo,
Japan).3. Results
3.1. Establishment of mPer2:luc/TR/HA-mCry1 triple stable
rat-1 cell lines
To investigate the eﬀect of constitutive over-expression of
mCry1, we generated a stable cell line with a mPer2 pro-
moter-driven luciferase reporter (mPer2:luc) for monitoring
circadian clock performance and a tetracycline-inducible
(Tet-On) mCry1 cDNA to drive constitutive over expression
of this gene. To this end, we ﬁrst established a stable mPer2:luc
rat-1 cell line and checked the circadian oscillation of biolumi-
nescence rhythm (Fig. 1A). After conﬁrming that the HA-
mCry1 expression vector for the lenti-viral system expressedfunctional HA-mCRY1 suppressing the CLOCK/BMAL1-
mediated transcriptional activity of mPer2 promoter strongly
(Fig. 1B), we next infected this mPer2:luc cell line with lenti-
viral vectors that consist of two expression plasmids: a Tet-
repressor (TR) expression vector and CMV promoter-driven
TR responsive HA-tagged mCry1 expression vector (HA-
mCry1), respectively (Supplementary Fig. 1).
3.2. Constitutive nuclear accumulation of HA-mCRY1 in
doxycycline treated mPer2:Luc/TR/HA-mCry1 cells
After the cells were selected with Blasticisine, Zeocine, and
G418, three lines of doxycycline (Dox), a derivative of tetracy-
cline-dependent HA-mCRY1 expressing rat-1 cells, were estab-
lished (Fig. 2A). Since it is thought that nuclear mCRY
proteins are the rate-limiting factor for the mammalian circa-
dian clock [7], the subcellular distribution pattern of the HA-
mCRY1 protein was ﬁrst investigated throughout the day.
Immunoﬂuorescence observations demonstrated that HA-
mCRY1 protein was localized almost exclusively in the nuclei
Fig. 2. Establishment of doxycycline dependent HA-mCRY1 constitutive overexpressed mPer2:luc rat-1 ﬁbroblasts cell lines. (A) Doxycycline-
dependent expression of HA-mCRY1 protein in mPer2:luc/TR/HA-mCry1 triple stable transfected rat-1 cell lines. (B) HA-mCRY1 protein expressed
constitutively accumulates in the nuclei. Immunoﬂuorescence staining using an anti-HA antibody clearly shows the localization of HA-mCRY1 in
the nuclei (upper panel), while DAPI staining (lower panel) shows corresponding nuclei in the upper panel. Hours after synchronization by
dexamethasone stimulation are indicated above each picture.
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even though it remains uncertain whether the accumulation
level of HA-mCRY1 was exactly constant or showed a faint
circadian ﬂuctuation.
3.3. Presence of apparent circadian clock oscillation with intact
period-length in HA-mCRY1 constitutively over-expressed
cells
Using these cell lines, mPer2:luc-driven real-time biolumi-
nescence oscillation was analyzed. Surprisingly, in all cell lines
that highly expressed HA-mCRY1 in the nuclei after being
treated with Dox, luciferase activity still underwent apparent
circadian clock oscillation, although amplitudes and biolumi-
nescence intensity were signiﬁcantly reduced (Fig. 3A). The
reduction of the mPer2 promoter-driven luciferase activity is
compatible with the fact that mCRY1 is a strong suppressor
of the mPer2 promoter that contains the E-box enhancer.
Reduction of endogenous rPer2, rCry1, rDbp and rRev-erba
gene expression controlled through E-box was conﬁrmed using
the Taqman real-time PCR method (Fig. 3B). These data sug-
gest that HA-mCRY1 expressed in the rat-1 cell lines func-
tioned as a component in the circadian feedback loop of the
cells.
More interestingly, the period length and phases of the
mPer2:luc-driven luciferase activity in these cell lines did not
diﬀer either with or without constitutive over-expression of
HA-mCry1 (Fig. 3A). Although a very slight change might
occur in period length, real-time monitoring analysis revealed
that the cellular circadian oscillation was still sustained with
almost intact period length even with the constitutive
over-expression of mCry1.
Using Taqman real-time PCR, we further examined tempo-
ral expression proﬁles of endogenous clock genes to conﬁrm
whether the intrinsic circadian clock oscillates in rat-1 cells
where HA-mCRY1 is constitutively expressed in the nuclei.
Northern blot analysis indicated that the expression level ofHA-mCry1 mRNA in the Dox + conditioned cells was nearly
10-fold higher than that of endogenous rCry1 mRNA in the
wild type rat-1 cells (Fig. 4A). For the real-time PCR assay,
we used a probe and primer set for mCry1, because this primer
set was available for detecting both mouse and rat Cry1
mRNA. As expected, in the Dox + condition, the sum of
endogenous rCry1 and exogenously expressed HA-mCry1
mRNAs showed constitutive accumulation without any ex-
pected circadian ﬂuctuation (Fig. 4B). On the other hand,
the expression of endogenous rPer2 and rBmal1 mRNAs
underwent apparent circadian rhythms with anti-phasic rela-
tion as seen in wild type rat-1 cells and in SCN (Fig. 4B)
[11]. These results conﬁrmed that circadian clock oscillation
persists even in cells where HA-mCry1 mRNA was constitu-
tively over-expressed and its protein product was absolutely
localized in nuclei without major circadian changes.4. Discussion
The most important ﬁnding in this study is that circadian
clock oscillation persists in cultured rat-1 cells, showing intact
period length even under conditions of constitutive nuclear
accumulation of mCRY1 protein. Since mCRY proteins are
the most potent negative regulator in the canonical transcrip-
tional/translational feedback loop in mammalian cells, these
ﬁndings cannot be fully explained by the currently accepted
feedback loop model. The current data may suggest the exis-
tence of unknown cyclic regulatory mechanism(s) that stably
maintain period length of circadian clock oscillation in mam-
malian cells. Although we have not yet uncovered which
mechanism(s) is regulated circadianly, we speculate that some
post-translational modiﬁcation may be controlled cyclically.
Because our ﬁndings indicate that the accumulation level of
mCRY1 protein in the nuclei is constitutive and does not oscil-
late apparently (see Fig. 2B). Very recently, Fan et al. reported
Fig. 3. (A) Real-time monitoring of mPer2:luc-driven bioluminescence
oscillation. Results from cells cultured in the Dox  conditioned
medium shown as blue dots and those in the Dox + conditioned
medium as red dots. (B) Expression of endogenous clock genes in the
mPer2:luc/TR/HA-mCry1 #14 line. Quantitative analysis of rPer2,
rCry1, rDbp and rRev-erva transcripts were performed in Dox  (open
column) and Dox + (closed column) condition using a Taqman real-
time PCR method. In the Dox + condition in which HA-mCry1 was
over-expressed, all tested gene expression was reduced compared with
the expression levels in the Dox  condition. In this analysis, cells were
not synchronized by dexamethasone treatment, thus these results show
average expression levels of each gene. Each transcript’s expression
level is set as 10.
Fig. 4. (A) Northern blot analysis reveals strong over-expression of
HA-mCry1 mRNA in Dox treated mPer2:luc/TR/HA-mCry1 line-#14
cells compared with rCry1 mRNA in the wild type rat-1 cells. The
arrow indicates rCry1 and/or HA-mCry1 mRNAs. Both endogenous
and exogenous Cry1 mRNA positive signals appear at about 3 kb. The
lower panel indicates ribosomal RNA. (B) Quantitative analysis of
total Cry1, rPer2 and rBmal1 mRNAs in a Dox + condition of line
#14 cells by the Taqman real-time quantitative-PCR method.
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circadian clock oscillation [12]. In that report the possibility of
some post-translational regulation of mCRY proteins maygenerate the mammalian circadian clock oscillation similar to
a cyanobacterial circadian clock. Recently, Kondo and
coworkers revealed that the mechanism of transcriptional/
translational feedback-loops is not necessary for the cyanobac-
terial circadian clock oscillation in some conditions [13]. More-
over, they showed that only three puriﬁed cyanobacterial clock
proteins were enough to reconstitute the circadian clock oscil-
lation in vitro [14]. These ﬁndings indicate that the post-trans-
lational oscillation is the core mechanism in circadian clock
oscillation at least in cyanobacteria. The results of the present
study and the recent report of Fan et al. [12] suggest that we
should take into account the possibility that some cyclic
post-translational mechanism strongly contributes to the gen-
eration of mammalian circadian clock oscillation.
Interestingly, it was recently reported that the F-box protein
FBXL3, consisting of SCF ubiquitin ligase, is required for the
ubiquitination and proteasomal degradation of mCRY pro-
teins [15], and that mice with mutation of the Fbxl3 gene have
4102 I. Yamanaka et al. / FEBS Letters 581 (2007) 4098–4102a severe circadian phenotype, more than 3 h longer than wild
type mice in locomotor activity rhythms [16,17]. Although
the ubiquitination of mCRY1 by FBXL3 may occur in HA-
mCry1 over-expressing cells, the present results show that
over-expressed HA-mCRY1 still accumulates in the nuclei of
the cells through the day (see Fig. 2B). Thus, it is diﬃcult to
explain the stable period length of circadian clock oscillation
in the rat-1 ﬁbroblasts simply by this ‘‘quantity-regulation
model.’’ Strikingly, Siepka et al. and Godinho et al. have dem-
onstrated that the accumulation levels of mCry1, 2 and mPer1,
2 mRNAs are signiﬁcantly reduced in Fbxl3 mutant mice even
though the accumulation levels of mCRYs are similar between
wild-type and FBXL3-mutated mice [16,17]. As for clock gene
expression, these lines of evidence indicate that mCRY pro-
teins in FBXL3-mutated mice may be functionally diﬀerent
from those in wild type mice. Although further investigation
is required, the functional activity cycle may allow circadian
clock oscillation with intact period length in rat-1 cells in
which mCry1 is constitutively over-expressed in the nuclei.
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